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Abstract: Depressed-cladding waveguides are produced in a Yb,Na:CaF2 laser crystal by 
applying an ultrafast laser inscription. Under pumping at 946 nm, continuous-wave (CW) and 
Q-switched laser oscillations with low thresholds are realized in these waveguide structures.
With the variation of pumping power, switchable single- and dual-wavelength laser emissions
peaking at 1013.9 nm and 1027.9 nm are generated. The maximum output power achieved for
CW lasing is about 170 mW, corresponding to an optical-to-optical conversion efficiency as
high as 45.3%. A pulse energy of 0.13 μJ is obtained for the waveguide laser operating in the
pulsed regime.
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1. Introduction 
In past decades, many researchers have highlighted the merits of cladding waveguide 
geometries fabricated via Ultrafast Laser Inscription (ULI) in terms of flexibility and 
functionality for fabricating photonic structures [1–4]. The combination of these merits, along 
with high-quality laser crystals, allows for the construction of compact laser sources with 
miniaturized footprint and enhanced performance including low threshold and high efficiency 
[5]. Additionally, benefiting from the development of miniature pump sources in the form of 
diode lasers and diode-pumped solid-state lasers (DPSSLs), waveguide-based monolithic 
laser devices are opening up new possibilities for integrated optics. 
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Dual-wavelength lasers are promising for areas such as Terahertz (THz) signal generation 
[6–8]. Both continuous-wave (CW) and pulsed THz radiation sources show valuable 
applications in fields ranging from imaging, sensing and spectroscopy to communication, 
security and military, to give a small number of examples. Yb3+ doped hosts have been 
proven to be excellent candidates as gain media for efficient lasing in the near-IR spectral 
range. Yb3+ is advantageous due to its small quantum defect and high quantum efficiency [9]. 
In addition, Yb-doped materials possess broader absorption and emission spectra, making 
them particularly suitable for dual-wavelength laser generation through spectrum splitting. So 
far, dual-wavelength operation in a single cavity has been demonstrated with Yb-doped 
materials such as Yb:GdAl3(BO3)4, Yb:YAG, Yb:LSO, Yb:LuYSiO5 and Yb-doped fiber 
[10–14]. However, the benefits of Yb-doped hosts are often mitigated by their high lasing 
thresholds owing to the quasi-three-level energy diagram of Yb ions, which, as 
aforementioned, can be solved by utilizing highly-compact waveguide structures. Yb:CaF2 
waveguides fabricated by proton implantation have been previously reported [15]. Further 
more, dual-wavelength lasers based on phase-modulated sampled-grating waveguides 
fabricated in Yb-doped phosphate glass have been demonstrated [16]. Nonetheless, up till 
now, dual-wavelength lasers based on Yb-doped crystalline waveguides have not been 
reported. 
Another possible solution to the above issue is to employ a host matrix that possess low 
photon energy which could extend the radiation lifetime of Yb3+ ions and, hence, lower the 
lasing threshold. From this perspective, CaF2 cubic crystal, whose photon energy is as low as 
328 cm−1 [17], turns out to be an excellent candidate and in fact, Yb:CaF2 crystal has shown 
long emission lifetime. Additionally, Yb:CaF2 crystal also possesses other advantageous 
properties: high thermal conductivity, high laser-induced damage threshold, low nonlinear 
refractive index and large transparency, making it a competitive laser material. In Yb:CaF2, 
laser operation has been widely reported [18–22]. Furthermore, it has been demonstrated that, 
with non-active ions such as Na+, Y3+ or La3+ introduced into rare-earth doped fluoride 
crystal, improved performance such as higher quantum efficiency can be obtained by 
avoiding the formation of Yb2+-ions and, meanwhile, by breaking the ion clusters [23–28]. Su 
et. al. have reported diode-pumped self-Q-switched and passively mode-locked laser 
operation from Yb,Na:CaF2 bulk crystal with single-wavelength output at 1050 nm and 1047 
nm, respectively [27,28]. 
In this paper, we report, for the first time, on the fabrication of Yb,Na:CaF2 depressed-
cladding waveguides produced with ULI technology. Waveguide lasers operating in the CW 
and Q-switched regimes are realized with switchable single-/dual-wavelength peaking at 
1013.9 nm and 1027.9 nm when pumping with a 946 nm DPSSL. 
2. Experiments in detail
The system for the fabrication of cladding structures is depicted schematically in Fig. 1(a). 
The Yb,Na:CaF2 crystal wafer, doped with 2.0 at% Yb3+-ions and 5.0 at% Na+-ions, is cut 
with the dimension of 10 × 10 × 2 mm3 and optically polished. Using this substrate, 
waveguide structures that possess low-index claddings and unmodified cores are fabricated 
via ULI. An ultrafast Yb-doped fiber master-oscillator power amplifier laser (IMRA FCPA μ-
Jewel D400), operating at a central wavelength of 1047 nm with 360 fs pulse duration and 
500 kHz repetition rate is employed for waveguide fabrication. The laser beam is circularly 
polarized and focused beneath the sample surface (10 × 10 mm2) through a 0.4 numerical 
aperture (NA) lens. The average laser power deposited on the sample is 160 mW, 
corresponding to a pulse energy of 320 nJ. Under these writing conditions, while the substrate 
is translated through the laser focus at a speed of 20 mm/s, the material properties in the focal 
areas are modified, inducing low-index tracks. Such a scanning procedure is repeated at 
different depths in the sample and, consequently, parallel tracks equally spaced around elliptic 
cylinders are inscribed, forming tunnel-like waveguide structures with diameters of 35 μm 
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(WG1, hereafter), 30 μm (WG2), 25 μm (WG3), 20 μm (WG4). These structures are 
positioned about 100-μm deep beneath the top surface of the sample. 
The guiding properties of these waveguides are investigated by using a linearly-polarized 
He-Ne laser at 632.8 nm together with a typical end-face coupling arrangement. Based on the 
analogical coupling system, the experiments for CW and pulsed waveguide lasing are 
implemented by utilizing a 946 nm DPSSL as pump source. The linearly-polarized pumping 
laser is focused and then coupled into the waveguide through a convex lens with a focal 
length of 75 mm. Two dielectric plane mirrors are adhered to the waveguide facets to form a 
typical Fabry-Perot cavity. The input mirror gives high transmission at pumping wavelength 
and high reflectivity at around 1 μm, while the output mirror has reflectivity of 99% at around 
946 nm and a transmittance of 20% at wavelength ranging from 1010 nm to 1070 nm. For 
pulsed laser generation, a two-layer graphene film coated on an optically polished sapphire 
wafer is used as a saturable absorber (SA), which is inserted between the output facet of the 
waveguide and output mirror. The thickness of sapphire layer is 1 mm with high 
transmittance of 85% at around 1 μm. Thus, the transmittance of output coupler for pulsed 
laser oscillation is considered to be 17%. The generated waveguide laser is collected by a 20 
× microscope objective then characterized with detective devices. 
3. Results and discussion
Fig. 1. (Color Online) (a) Fabrication schematic of cladding waveguides in Yb,Na:CaF2 crystal 
with ultrafast laser.(b) The microscopic views of the output facets of cladding waveguides. (c)-
(f) The measured TE mode distributions of cladding waveguides at 632.8 nm. 
Figure 1(b) presents cross-sectional images of the produced waveguides observed with an 
optical microscope, illustrating distinct guiding boundaries without any cracks either in the 
waveguiding cores or in the bulk. In Fig. 1(c)-(f), the normalized near-field intensity 
distributions obtained under TE polarization are depicted, showing strong optical 
confinement. It is worthy to point out that single-mode guidance is achieved from WG4. 
Similar mode profiles are observed with TM-polarized laser. Moreover, the refractive index 
(RI) contrast between the cladding and the waveguide core is estimated by measuring NA. of 
the single-mode waveguide WG4, as previously introduced in Ref [7]. For both TE and TM 
polarizations, identical RI contrast value of 1.3 × 10−3 is obtained, which applies to all 
structures produced in this work owing to the same ULI conditions. Further investigations on 
the propagation losses of these waveguides are performed by directly measuring the input and 
output laser power during end-face coupling experiment, canceling out the impacts from the 
Fresnel reflection of the end facets and the coupling efficiency. The propagation loss α could 
be estimated by the equation: 
2(1 ) Lout inP P R e T
α−
= −
where R is the Fresnel reflection coefficient, L is the length of the waveguide and T is the 
power transmission coefficient which is related to the mismatch between the pump beam 
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mode and waveguide mode. Assuming that the waveguides have single transmission mode 
which are circular in shape, T could be expressed as 
2
1 2
2 2
1 2
2T ω ω
ω ω
 
=  
+ 
in which ω1 and ω2 are the mode width of waveguide and pump beam [29]. It is found that, as 
waveguide diameter increases, the propagation losses decrease from 1.3 dB/cm for WG4 to 
0.5 dB/cm for WG1 with slight differences along TE and TM polarizations. 
Fig. 2. The CW waveguide laser output power as a function of the incident pump power of 
WG1 (a) and WG2-WG4 (b). The inset of (a) shows the normalized spatial intensity 
distribution of the output laser mode obtained from WG1. 
CW lasing is obtained from the four cladding waveguides with different performance and 
their powers are represented as a function of the incident pump power in Fig. 2. The best CW 
laser performance is achieved in WG1 with incident power threshold as low as 72.2 mW and 
73.5 mW at TE and TM polarizations, respectively, as shown in Fig. 2(a). At the incident 
pump power of 384 mW, output power of 170 mW (TE) and 173.8 mW (TM) are achieved 
from WG1, giving optical-to-optical conversion efficiencies of as high as 44.3% (TE) and 
45.3% (TM). The corresponding lasing modes (TE polarized) emitted from WG1 is also 
shown in Fig. 2(a), indicating fundamental-transverse-mode lasing. In WG2, WG3 and WG4, 
CW lasing operations are also achieved. As demonstrated in Fig. 2(b), WG2 give pump 
thresholds for laser oscillation of 96.1 mW (TE) and 105.1 mW (TM). In contrast, owing to 
the relatively high propagation loss, the lasing thresholds of WG4 are increased to 312.9 mW 
at TE and 318.2 mW at TM polarization. 
The output laser is found to be switchable between single- and dual-wavelength as the 
pump power is varied. In WG1, when the incident pumping power is lower than 100 mW, the 
single-wavelength laser at 1027.9 nm is generated. In contrast, when the pumping power is 
higher than 220 mW, the single-wavelength laser operation at 1013.9 nm is achieved. The 
simultaneous dual-wavelength lasers at 1013.9 nm (peak 1) and 1027.9 nm (peak 2) are 
simultaneously obtained when the pumping power is changed between 100 mW and 220 mW, 
as evidenced by the laser emission spectra (normalized) in Fig. 3(a). The values (unit: mW) in 
Fig. 3(a) are corresponding to the pump powers with which the spectra are obtained. Based on 
the Gaussian fitting of each peak, the ratio between the integral peak 1 and peak 2 areas, 
A(peak 1)/A(peak 2), are determined and presented in Fig. 3(b). The spectra in Fig. 3(a) have 
one-to-one correspondence from left to right with the black squares marked in Fig. 3(b). As 
the pump power increases, the spectral intensity ratio value increases from 0.09 to 28.13, 
corresponding to transfer of dominance from peak 2 to peak 1. Figure 3(c) shows the laser 
spectra with an intensity ratio of approximately 1:1 which is obtained with 167.6 mW pump 
power. The FWHMs of both peaks are 3.7 nm. The center frequency difference between the 
two bands is determined to be 4.02 THz. Based on the intensity ratio of two peaks, the power 
of each peak can be calculated as a function of incident pump power, as shown in Fig. 3(d). 
Vol. 8, No. 6 | 1 Jun 2018 | OPTICAL MATERIALS EXPRESS 1637 
As can be seen, the 1013.9 nm line (peak 1) has a relatively high threshold and starts 
oscillation when the pump power is above 100 mW. The calculated slope efficiency is as high 
as 59.9%. In contrast, the 1027.9 nm line (peak 2) exhibits different behavior from the 1013.9 
nm line. The output power of 1027.9 nm line increases with the pump power at first with a 
slope efficiency of around 46.5%, with the pump power of ˂146.7 mW, reaching its 
maximum of 31.2 mW. Then, the power decreases rapidly to around 0 when the pump power 
is 220 mW. Such a rapid decrease of 1027.9 nm line power can be attributed to the 
competition and share of gain between different energy level transitions. In WG2-WG4, such 
a switchable behavior of wavelength is also observed experimentally. It is worth to point out 
that the two wavelengths obtained in our work are very stable. 
Fig. 3. (a) Normalized laser spectra of the waveguide laser in CW regime obtained under 
different pump powers. (b) The intensity ratio of peak 1 and peak 2 vs. the incident pump 
power. (c) Laser spectra with an intensity ratio of ~1:1. (d) The measured total laser (red), 
calculated laser power of peak 1 (blue) and peak 2 (green) as a function of incident pump 
power. 
The luminescence emission spectrum of Yb,Na:CaF2 sample used in our work is obtained 
with 940 nm pump source, as shown in Fig. 4, from which two emission lines corresponding 
the wavelengths of 1012.2 nm and 1029.9 nm can be found. These two wavelengths are in 
agreement with our experimental results. The origin of two wavelengths operation can be 
explained with the well known quasi-three-level laser model of Yb3+ ions [30]. The energy 
transitions with related to these two wavelengths can be obtained, as shown in the insert of 
Fig. 4. Additionally, the slope efficiency for cw waveguide laser can be expressed as [31,32] 
[ ]
1ln( )
1 exp( )
1ln( ) 2
s
abs
p
p
dSR l
dFl
R
λη αλα
= ⋅ − −
+
 
where R = 80% is the reflectance of the output coupler, λs and λP are the signal and pump 
wavelengths, αabs is the absorption coefficient for the pump beam, αp is the propagation loss 
of the waveguide at the signal wavelength, l is the waveguide length, and dS/dF is the mode-
overlap factor (i.e.,conversion efficiency of the pump light [31]). For WG1 reported in our 
work, it is found that when the incident pumping power is lower than 100 mW, the single-
wavelength laser at 1027.9 nm is generated. Thus, the corresponding laser slope efficiency 
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can be estimated theoretically. For αabs = 0.7 cm−1 [27], λs = 1027.9 nm and λp = 946 nm, the 
equation gives η = 43%, which is in good agreement with the experimental results (46.5%). 
By employing the two-layer graphene SA, single- and dual-wavelength operations are 
realized in the passively Q-switching regime from waveguides WG1, WG2 and WG3. The 
laser spectrum shown in Fig. 5(a) illustrates the same dual-wavelength feature as the CW 
laser operation. The insert of Fig. 5(a) shows the fundamental mode profile of pulsed laser 
achieved from WG1 with TE polarization. Figure 5(b) shows the sequence of Q-switched 
pulses with TE polarized pump laser. Identical pulsed trains can be obtained under TM 
polarization. A single laser pulse with pulse with of 500 ns is shown in Fig. 5(c). The average 
output power as a function of the incident pump power are shown in Fig. 5(d). The maximum 
output power of 26.6 mW is generated from WG1 when the incident pump power is around 
400 mW. The thresholds for Q-switched laser of WG1 are 152.2 mW and 148.8 mW under 
TE and TM polarization, respectively. Suffering from relatively larger propagation losses, 
WG2 and WG3 exhibit higher lasing thresholds, which are around 250 mW and 440 mW, 
respectively. The average lasing slope efficiencies are determined to be around 10% for 
WG1, 5% for WG2, and 4% for WG3. 
Fig. 4. The luminescence emission spectrum of Yb,Na:CaF2 and energy level diagram of the 
Yb3+ ions corresponding to 1012.2 nm and 1029.9 nm emissions. 
Fig. 5. (a) Spectra and fundamental mode profile of Q-switched waveguide laser obtained from 
WG1. (b) The sequence of Q-switched pulses. (c) A zoomed-in version of the pulse with pulse 
width of 500 nm. (d) The average output power as a function of the incident pump power 
obtained from WG1-WG3. 
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The repetition rate and pulse duration of Q-switched pulses generated from WG1 as a 
function of incident pump power are shown in Fig. 6(a). As can been seen, the repetition rates 
(exhibited in red) increase with the incident pump power, ranging from 49.2 kHz (104.8 kHz) 
to 252.0 kHz (269.3 kHz) at TE (TM) polarization. Meanwhile, the pulse duration (exhibited 
in blue) decreases from 177.2 ns to 103.4 ns under TE polarization and from 198.9 ns to 
135.5 ns at TM polarization. The repetition rate frep for passively Q-switched lasers can be 
expressed as [30] 
0
2rep L
g
f
R τ
=
⋅ Δ ⋅
in which g0 is the small signal gain, given by g0 = rltot with r being the pumping coefficient 
and ltot being the total unsaturated loss in the cavity, ΔR is the maximum modulation depth of 
the saturable absorber, τL is the upper-state lifetime. It is clear that frep is proportional to the 
pump power. Furthermore, the pulse width PW can be given by the equation [33]: 
( )1
0
1 1
p
tPW r
l
η
ρ α ϕ
= −
In this equation, η is the energy coupling term, ρ is the power coupling constant which is 
given by 1-R
R
ρ = in which R is the output mirror reflectivity, α0 is the absorption coefficient
of the unexcited laser material, l is the waveguide length, t1 is the cavity transit time, φp is 
peak photon flux which is given by ( )[ 1 ln ]
2
th
p
n
r rϕ = − − in which nth is the population 
inversion which corresponds to threshold. Therefore, it can be obtained that the pulse width is 
directly proportional to 1
1 ln( )
r
r r
−
− −
. It can be derived that PW is inversely proportional to the
pump power. Thus, the experiment results are in agreement with the theoretical analysis. 
When the incident power is close to 453 mW, the pulse energy of WG1 Q-switched laser 
reaches 0.13 μJ at both TE and TM polarizations, while the peak power raise to 1.3 W (0.96 
W) at TE (TM) polarization, respectively, as shown in Fig. 6(b). Furthermore, Fig. 6(b)
compares the maximum pulse energy and peak power values obtained from WG1, WG2 and
WG3 under fixed incident power of 430 mW, which evidenced again the best laser
performance of WG1. WG2 gives a pulse energy of around 0.09 μJ and peak power
approximately 0.5 W. For WG3, with the compressing of guiding core, the pulse energy and
peak power are further reduced to about 0.04 μJ and 0.26 mW, respectively. Compared with
the previous work [27,28], our waveguiding systems, although do not have as high output
power class as that for pulsed Yb,Na:CaF2 bulky laser, show prominent merits in terms of
highly compacted lasing oscillation cavity, low lasing threshold and switchable single-dual-
wavelength operation.
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Fig. 6. (a) The repetition rate and pulse duration of Q-switched pulses generated from WG1 as 
a function of incident pump power. (b) Pulse energy and peak power obtained from WG1, 
WG2 and WG3 under fixed incident power. 
4. Summary
In summary, we have fabricated depressed cladding waveguides in a Yb,Na:CaF2 crystal by 
employing ULI technology. CW and graphene Q-switched waveguide lasers are realized with 
switchable single-dual-wavelength. The good performances of these waveguides make them 
promising for constructing miniature devices and integrated optical circuits for 1 μm single-
dual-wavelength applications and also for lab-on-a-chip applications. In addition, these 
cladding structures also show their potential for mode-locked waveguide laser generation, 
which will be confirmed experimentally in our future works. 
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